The microscopic structure of the tryptophan side chain, indole, in an amphiphilic environment has been investigated using a combination of neutron diffraction measurements and simulations in solution. The results show that indole is preferentially solvated by hydrogen bonding interactions between water and alcohol −OH groups rather than the interaction being dominated by indole−methyl interactions. This has implications for understanding how tryptophan interacts with the amphipathic membrane environment to anchor proteins into membranes, where the results here suggest that the benzene ring of tryptophan interacts directly with the interfacial water at the membrane surface rather than being buried into the hydrophobic regions of the membrane bilayer.
■ INTRODUCTION
How amphiphilic proteins are anchored into cellular membranes is dependent upon the complex environment of the membrane-bilayer. In transmembrane proteins, the amino acid tryptophan (Trp) has been found to cluster preferentially at the interfacial region 1, 2 where it is thought to anchor proteins at the bilayer-solution interface. 3−6 Previous studies 7−9 indicate that Trp favors the interfacial region over the aqueous solvent more strongly than any other natural amino acid, where it is suggested that Trp is mostly bound at the interfacial region between the aqueous solvent and the headgroups of the lipid bilayer. 10, 11 Despite a supposed fundamental role in protein structure and thereby function, the details of the interactions of Trp with lipids and the aqueous solution at the membrane− water interface remain unknown.
Interactions of Trp with the membrane−water interface are governed by its indole side chain (Figure 1 ), which has a quadrupole moment from the aromatic, delocalized π electrons, creating regions of partial negative charge above and below the benzene ring. 3, 12 This is significant, as it has been suggested that charged and aromatic residues, in general, act as interfacial anchoring residues for membrane proteins. 13 Considering its predominantly hydrophobic structure, the Trp side chain is expected to have an inherent affinity for the lipid bilayer. 13 Although it has been long known that Trp locates preferentially at the membrane−water interface, the mechanism by which this binding occurs is less clear. Previous binding studies have shown that indole may be partly exposed to a polar environment in bilayers but have not specified its exact location. 14 Previous research has yielded mixed hypotheses about the dominant factors that dictate indole, and hence tryptophan, binding in membranes. While some investigations have suggested that cation−π interactions are the dominant factor governing Trp−lipid specificity, 15−17 or even that the aromatic ring acts as a hydrogen bond acceptor either with water or hydroxyl groups present at the lipid−water interface, 18 indole N−H hydrogen bond donation to the surrounding lipid head groups has also been proposed as the dominant factor governing Trp specificity. 10, 19 In contrast, some theories suggest that Trp residues are spatially oriented with the benzene ring sequestered into the hydrophobic domain with the indole −NH group aligned so as to hydrogen bond to the membrane surface. 20−22 Yet other investigations claim that hydrophobic interactions with the lipid tails also govern indole orientation, suggesting that hydrophobic rings are immersed in the lipid part of the bilayer while the NH moeites are free to bind with the lipid head groups. 3 Given the multiplicity of theories, further detailed investigation at the atomic level is necessary to discern the physical basis underlying the preference of Trp for the interface. 23 In order to provide atomic resolution structural data to inform this debate, the microscopic solvation structure of indole (the functional group of tryptophan) in methanol/water solutions has been measured using a combination of neutron diffraction with isotopic substitution (NDIS) and computer simulation empirical potential structural refinement (EPSR). Methanol/ water solutions were used, as this amphiphilic solution shares some important characteristics of ampiphilic biological interfaces. Previous measurements on methanol/water solutions have revealed that on the atomic length scale, water molecules and hydroxyl groups are segregated from the closepacked methyl groups, 24 yet this solution remains fully miscible in the bulk phase. Indole has a low solubility in water, 25 yet it is extremely soluble in methanol/water solutions with a high water content. While clearly there is some interplay between molecular structures in this ternary solution these are not yet understood. Understanding indole in these solutions is essential to recognizing how indole is partitioned into an amphiphilic environment and indeed interacts with biological membranes in solution.
■ MATERIALS AND METHODS
Theory. Neutron Diffraction with Isotopic Substitution. Neutron diffraction by isotopic substitution (NDIS) is a method by which the structure of biomolecular solutions can be determined. As opposed to X-ray scattering, where the intensity of the scattering signal is proportional to the number of electrons, intensity in a neutron diffraction experiment is dictated by the neutron-nucleus interaction where scattering intensity is roughly similar across the periodic table. In addition, the use of neutrons as a probe is particularly useful when determining the structure of hydrogen bonding solutes in water, as the interactions between neutrons and H and D yields scattering of different intensity. 26 Measurement of chemically identical yet isotopically unique samples allows for multiple measurements of the same system which only differ with respect to their H and D concentrations.
Neutron diffraction provides a measure of the static structure factor, F(Q), which is a direct measure of the structure in solution. Scattered neutron intensity as a function of the momentum transfer, Q, between the incident neutron and atoms in the sample (Q = 4 π/λ· sin(2θ/2)) with the neutron wavelength, λ, and the scattering angle 2θ) is related to F(Q) via
where c and b are the concentrations and the scattering lengths, respectively, of all the atom types α and β in the sample. δ αβ is the Kronecker delta function. Importantly, the scattering lengths for H and D are −3.373 and +6.671 fm, 26 respectively; where this large difference gives rise to distinctively different diffraction patterns (vide inf ra). As can be seen from 1, F(Q) is the weighted sum of the partial structure factors, S αβ (Q), for the different atomic pairs present in the sample. These partial structure factors in reciprocal space are directly are related to the radial distribution functions (RDFs), g αβ (r), in real space via Fourier transformation
where ρ is the atomic number density of the sample (atoms Å
) and g αβ (r) are the atomic distances between β and α atoms as a function of distance (r). Coordination numbers (n α β (r)), i. e. the average number of β atoms around a central α atom at a distance between r min and r max , can be calculated by integration of the g(r) functions via Empirical Potential Structure Refinement. Empirical potential structure refinement (EPSR) is a simulation technique which has been explicitly written for the determination of the local order present in disordered materials, such as liquids and glasses. 27 EPSR is a reverse Monte Carlo technique where the atomic conformation of the system in question is constrained to fit a set of diffraction data. Beginning with a box of molecules at the density and temperature of the diffraction measurements, a set of seed potentials are given to each unique atomic componentwhich in this case consisted of Lennard-Jones potentials (σ and ϵ) as well as appropriate atomic charges. These seed potentials are subsequently refined by the EPSR process, generating a new set of potentials. While EPSR provides a three-dimensional representation of the system in question, similar to all simulation processes, this structure is not unique, in that it is not the only possible structure which could The Journal of Physical Chemistry B Article be consistent with the data. However, by using physical constraints, such as minimum bonding distances, a set of Lennard Jones potentials as well as appropriate atomic charges an experimentally consistent 3-dimensional structural model of the system in question emerges. EPSR coupled with NDIS data has been used to determine the local structure of liquids in a wide variety of hydrogen containing solutions. 24,28−40 Further details on EPSR can be found elsewhere in the literature. 27, 41, 42 Neutron Diffraction Measurements. Indole was purchased from Sigma and recrystallized by dissolution in ethanol for 24 h before the solvent was removed by vacuum. All isotopomers of methanol were dried over Mg which had been previously activated with I 2 and were subsequently refluxed at ∼330 K for 48 h under vacuum. The methanol isotopomers were then cryogenically distilled onto predried 3 Å molecular sieves, yielding anhydrous methanol which was verified by 1 H NMR. For all neutron diffraction and NMR samples, solutions of indole in water/methanol solutions were prepared by weight under an N 2 atmosphere.
For the neutron scattering measurements several different isotopomers of indole/methanol/water solutions were prepared at a relative molar ratio of 1 indole:29 methanol:30 water (∼1 M). The diffraction data were collected using the SANDALS instrument, located at the ISIS facility (STFC, U.K.). The samples were measured in flat Ti/Zr canisters with thickness of 1 mm. Ti/Zr alloy cans were used as Ti and Zr have coherent scattering lengths of −3.438 and +7.160 fm, 26 respectively, and can be combined to produce negligible scattering from the sample containers. Diffraction data were collected from the samples themselves as well as the empty canisters and empty instrument to ensure a suitable background subtraction. The data were corrected for absorption, multiple scattering and inelasticity effects and then subsequently to F(Q) using the program GUDRUN, which is based on the ATLAS suite of program to correct neutron diffraction data and is freely is available at ISIS. 43 The measured F(Q) data is shown in Figure  2 .
Empirical Potential Structure Refinement Simulations. An EPSR simulation box was constructed to correspond to the measured solution density of 0.0912 atoms Å −3 at 298 K and contained 25 molecules of indole, 725 of methanol and 750 of water. As mentioned above, the seed potentials used in the EPSR simulations are listed in the Supporting Information. Briefly, atoms of indole, depending on the similarity of their charges, were grouped together and given potentials defined by the average of the parameters from the OPLS all-atom (OPLS-AA) force field. In order to keep indole planar, uncharged dummy atoms with epsilon and sigma values of zero were positioned above and below the geometrical centers of both the pyrrole and benzene rings of indole in the EPSR simulation. These atoms restricted any movement of the indole molecule away from being planar. EPSR simulations were performed which confirmed that the addition of these dummy atoms did not influence the fits to the diffraction data but nevertheless effected a more physically realistic model. This comparison is shown in the Supporting Information. For water, SPC/E parameters were used, 44 with the addition of σ and ϵ values for hydrogen atoms (see Supporting Information). Methanol parameters were from the OPLS-AA force field and are also shown in the Supporting Information. 45 Molecular structures of indole and methanol were created and energetically optimized using Avogadro 46 before being included in the EPSR simulation box. The EPSR fits to the data and the difference between them are shown in Figure 2 . The three-dimensional arrangements of solvent molecules around indole were determined using the program ANGU-LA 47, 48 from the EPSR simulation box. A coordinate system was first assigned to the indole molecules, with the origin taken as the midpoint of the carbon atoms joining the benzene and pyrrole rings. Coordinate systems were similarly assigned to the solvent molecules, such that the angles between any pair of coordinate systems could be calculated in addition to the distribution of the solvent molecules around the solute. In this instance, only molecules within 5 Å were used for further analysis. This procedure was performed for multiple snapshots of the simulation box, such that the aggregate molecule distributions are plotted as spatial density map (SDMs; vide inf ra). Figure 4 shows the RDFs for interactions between indole's benzene ring carbon atoms (C B ; where C B = 4C ib + C i1 + C i2 ; Figure 1 ) and both water and methanol, and Table 2 lists the coordination numbers for these functions. The large peak for the C B −water oxygen interactions indicate that waters are preferentially located around the indole aromatic ring; the relative size and sharpness of this peak, further suggests that these waters are interacting directly with the benzene ring. Conversely, for the methanol hydroxyl oxygen O m , while there is some density of this oxygen present around the benzene ring at slightly less than 4 Å, the more prominent interactions occur over a larger distance range, evidenced by the peak at around 5 Å. Further, the methyl carbon -benzene contacts in Figure 4 (g C B C m (r)), which are a measure of the hydrophobic− hydrophobic contacts between methanol and the indole benzene ring, have a peak position of ∼4.1 Å, showing that these nonpolar interactions occur at a larger length scale compared with water-benzene interactions. Inspection of the coordination numbers for the C B -functions at 4.3 Å for the O w , O m , and C B atoms shows that for these nearest neighbor solvent molecules the total number of hydroxyl interactions (O m + O w ) with indole is ∼4 times greater within this distance range than the indole−methyl interactions, as the C B −C m coordination number at this same distance is ∼1.3.
■ RESULTS AND DISCUSSION
Given the surprisingly high probability density of O w and O m around indole's benzene ring, the presence (or absence) of hydrogen bonding configurations can be determined by inspection of the solvent hydrogen-indole RDFs which are also shown in Figure 4 . There is a clear indication of a H-bondlike interaction between the water hydrogen (H w ) indole at around 2.4 Å where the coordination number of this peak of ∼1.1 indicates that, on the average, at least one water molecule is bound with this distance range. Interestingly, the methanol −OH hydrogen (H mo )−indole RDFs also show hydrogen bonding from the hydroxyl group to the benzene carbons. The presence of peaks for both water and hydroxyl hydrogen RDFs around indole's benzene ring at these short distances in Figure   4 suggests that a large proportion of the electrostatic interactions in this solution are by virtue of benzene−hydrogen bonds. Conversely, the methyl hydrogen (H m )−indole RDFs show no distinct peaks, indicating relatively disordered interactions between the −CH 3 hydrogens and the benzene ring. Moreover, these interactions, similar to the indole−C m interactions, take place over a longer distance range compared to the electrostatic hydrogen-bond interactions from water or methanol hydrogen groups. Figure 5 shows the average orientations of methanol and water molecules around indole's benzene ring. The benzene− H w −O w angle is almost linear (Figure 5a) , while a second peak in the benzene-H w -O w reaches a maximum at a value of around cos(0.25) (∼75°). This broad peak shows the second O w -H w from the nearest neighbor waters and suggests that this second covalently bound hydrogen is freely rotating around the The Journal of Physical Chemistry B Article Solvation information in three dimensions can also be extracted from the simulations via spatial density maps (SDMs), 47, 48 which show the most probable locations of water and methanol molecules around indole in the solutions. Figure 6 shows the SDMs for water (O w −indole) and methanol molecules both with respect to the methanol O m -indole correlations and to the methanol C m −indole correlations, where the density of the solvent molecules is illustrated by an isocontour surface that envelops the top 50% of solvent molecules and by cuts through the orthogonal xy, xz, and yz planes, where these slices were taken through the origin. 48 As might be anticipated from Figure 3 , the hydration SDMs show a high probability of water binding to the N−H nitrogen on the pyrrole ring by virtue of an N−H···O w −H w hydrogen bond. Perhaps more surprisingly, but consistent with the g(r)s shown in Figure 4 , these SDMs also clearly show that water is preferentially located around the benzene ring -specifically in the middle of the benzene ring. The analogous SDM for methanol O m around indole similarly shows a high propensity for the hydroxyl group of methanol to be located either around the benzene ring in addition to forming N−H···O m hydrogen bonding motifs. The methyl groups, on the other hand, show a broad distribution of preferred locations around indole where the density of −CH 3 groups above the benzene ring is much lower compared with either O w or O m .
■ CONCLUSIONS
In the current indole/water/methanol solution electrostatic configurations appear to be preferred over hydrophobic− hydrophobic interactions for indole in this model amphiphilic solution. Even though it might be expected that some waterbenzene or OH−benzene interactions would be present, that the solution structure of indole is dominated by these electrostatic interactions is somewhat surprising, given that Trp is sometimes ranked as the most hydrophobic of amino acids. 49 The standard theory of the hydrophobic effect would predict indole to be preferentially solvated by hydrophobic motifs, as methanol microsegregates in solution, 24 offering a somewhat continuous surface of hydrophobicity in which the indole could, in principle, be partitioned. On the other hand, it could be that the hydrophobic surfaces in the present solutions are "too small", as according to Chandler, a large enough hydrophobic cavity must be present for the "hydrophobic effect" to drive assembly. 50 Whatever the case may be, the data here show that electrostatic interactions between the benzene ring from either methanol or water comprises most of the nearest-neighbor solvation around indole. To show this, a representative snapshot of both water and methanol solvating indole from the EPSR fits to the data is shown in Figure 7 .
Taken overall these data imply that electrostatic forces have a larger influence than might be expected on tryptophan side chain interactions within the membrane bilayer. Rather than merely being excluded from the hydrocarbon core due to entropic reasons, 8 the atomic scale structural data here show that indole is likely interact with charges present at the interface of a bilayer, predominantly through its benzene ring motif. It could be that the benzene ring binds with water at this interface similar to the interactions shown in Figure 7 and that this water may in turn be bound to the polar regions of the lipid head groups, aligning the Trp in such a way that it can easily anchor membrane proteins into the bilayer. From the present work, it is not possible to make any suggestions as to the orientation of Trp residues relative to the membrane bilayer itself.
Our results however do emphasize the importance of electrostatic interactions in the behavior of proteins and their interactions with amphiphilic membrane interfaces. There are many previous studies which show hydrogen bonding interactions with π electrons from aromatic systems, 51, 52 where the X−H···π interactions can be considered as weak The Journal of Physical Chemistry B Article hydrogen-bonding interactions. 53 Although cation−π interactions are rare in proteins compared with other electrostatic interactionssuch as salt bridgessuch interactions have been proposed as important factors in determining the threedimensional structure and recognition properties of proteins and have been observed previously in crystal structures of small molecules and proteins as well as in gas-phase spectroscopic measurements. 51,52,54−57 In a biological membrane, a steep polarity gradient exists across the interfacial region from the highly polar aqueous phase to the highly apolar hydrocarbon core, 4 where it is not clear how moleculestraditionally classed as polar or nonpolarwill interact with a membrane interface. The classification of certain molecular motifs as polar or nonpolar does not necessarily dictate their specific interactions in protein structures or, by analogy, in specific stabilizing interactions at the protein membrane interface. 29, 58, 59 It has rather been noted that molecular association in amphiphilic environments is more complex at the atomic scale. 29 Here, it appears that the amphiphilic solution is indeed needed for indole to interact with water; indole is sparingly soluble in water yet highly soluble in methanol/water solutions. It is clear that it is not merely the electrostatics themselves but the interplay between hydrophobic and electrostatic interactions which give rise to the resultant structure observed here. Interestingly, it has been noted that structures which are deficient in hydrogen-bond acceptors will make use of the π-systems of aromatic rings. 53 This appears to be pertinent to the results presented here as water, in the absence of methanol, does not bind to indole strongly enough to allow for mixing between the solvent and the solute. Perhaps the electrostatic interactions between benzene and the −OH groups in methanol place the −CH 3 groups close enough to benzenering to participate in stabilizing van der Waals interactions between indole and methanol.
This mechanism would also allow for the binding of water, as water is microsegregated from the methyl groups in the solution 24 and as a result would be naturally placed near the benzene ring in indole. The propensity for indole interact with water molecules only when in an amphiphilic environment is consistent with experimental data showing a greater percentage of Trp in membrane proteins compared with water-soluble proteins. 3, 20 In the more complex membrane environment, it is possible that the interplay of both electrostatic interactions and hydrophobic interactions between the indole and water in conjunction with the amphiphilic lipid molecules may allow for tryptophan to be stabilized at the membrane bilayer interface. For instance, the PO 4 − oxygens the phosphocholine lipid headgroup form highly directed hydrogen bonds with water in solution. 30 This would leave the water hydrogen that is not directly participating in hydrogen bonding to the PO group available to bind with the benzene ring in Trp residue to help stabilize the protein into the bilayer. This view is consistent with energetic calculations which show that Trp has a global energetic minimum when it is located in the headgroup region of a membrane. 60 Whether or not this mechanism is correct, what is clear from the present work is that electrostatic−π interactions play a significant role in the solvation of indole and these interactions are likely to dictate the role Trp plays in anchoring membrane proteins into their native environments. 
